Terrestrial Laser Scanning (TLS) and Global Positioning System (GPS) technologies provide comprehensive information on ground surface deformation in both spatial and temporal domains. These two data sets are critical inputs for geometric and kinematic modeling of landslides. This paper demonstrates an integrated approach in the application of TLS and continuous GPS (CGPS) data sets to the study 
Introduction
In recent years the use of Terrestrial Laser Scanning (TLS) and Global Positioning System (GPS) for applications in ground deformation study has increased notably.
TLS provides a dense set of data (``point clouds'') with each measurement providing a 3D position in space and the intensity of the reflected signal. The dense data set can be modeled to generate a best-fitting surface over the whole study area. Ground deformation can be identified when two or more ground surface models derived from TLS point clouds are available. TLS acquires ground deformation information in a spatial domain with centimeter accuracy (Lichti and Jamtsho, 2006) , but low temporal resolution. The temporal shortcoming can be resolved by implementing continuous GPS (CGPS) that can provide sub-centimeter precision for discrete sites in a continuous temporal domain.
TLS is a relatively new surveying technique, which has been frequently utilized to study landslide deformation in recent years (e.g., Abellan et al., 2006; Teza et al., 2007; Teza et al., 2008; Monserrat and Crosetto, 2008; Casula et al., 2010) . GPS technique has been widely applied to monitor landslide movements in the last decade, both as a complement and an alternative to conventional Journal of Geodetic Science 26 surveying methods (e.g., Gili et al., 2000; Malet et al., 2002; Coe et al., 2003; Sato et al., 2003; Mora et al., 2003; Squarzoni et al, 2005; Bruckl et al., 2006; Tagliavini et al., 2007; Psimoulis et al., 2007; Peyret et al., 2008; Wang 2010 Field inspection of the site indicated that the slopes directly above the wall were failing on a rotational slide that produced small escarpments in the upper slope and soil bulges along the top of the retaining wall behind the previously failed section. The full extent of the landslide was delineated during the inspection.
The landslide is well defined by northwest trending flank scarps marked by inclined slip striations along the scarp face. The head scarp was encountered over 250 meters up slope and is composed of partially to highly weathered bedrock. Failure of the retaining wall was attributed to underestimation of the size of the landslide mass but it remained uncertain if there were displacements in the upper portions of the main landslide. The renewed landslide activity and failure of the retaining wall and the loss of an alternate access road is of major concern to the El Yunque National Forest administration. Mitigation alternatives for the landslide require a more precise estimation of its extent, volume and kinematics. In order to precisely identify the margins and study the kinematics of the active displacements of the lower portions, continuous GPS monitoring and two TLS surveys were performed at the landslide site during a three-month period from May 24 to August 24, 2010. These two methods provide for a non-invasive analysis of an ecologically sensitive site with limited accessibility for heavier equipment. A view of the landslide site and two images of the laser point clouds acquired during the two TLS surveys are illustrated in Figure 1 . Black pixels are no TLS data areas. Continuous rainfall data from a nearby United States Geological Survey (USGS) weather station were also integrated to this study.
TLS Data Acquisition and Processing
A RIEGL VZ-400 laser scanner, provided by UNAVCO (http:// www. unavco.org), was used to collect TLS data in the field. This scanner provides high resolution, high-speed 3D data acquisition using a narrow infrared laser beam and a fast scanning mechanism (http:
//www.riegl.com). The range of the scanner is up to 600 m with the repeatability of 3 mm for target points. The high density and accurate 3D digital data sets involve precise volume measurements when comparing two or more surveys. This scanner has the capability of recording both first and last laser returns, as well as a few intermediate returns. surveys. The left hand photo shows the RIEGL VZ-400 laser scanner and a reflective target. The right hand photo shows a GPS and reflective target co-located control point for the TLS survey. Eight reflective targets were placed in the field during the two TLS surveys; three of them were co-located with GPS. Smith, 1991, 1998 
Second

Continuous GPS Monitoring
Measuring superficial displacements is the simplest way to observe the evolution of landslides and to analyze the kinematics of their movements. Continuous GPS monitoring is essential in establishing the rate and pattern of superficial movements. We equipped a semi-permanent GPS array at the landslide area including two rover stations (GPS1 and GPS2, see Figure 3 ) and one reference station. The reference GPS was installed on the roof of a one-floor building in the National Forest Park administration center, which was equipped with a Trimble NetR8 GPS receiver and a Zephyr Geodetic antenna. AC power was available at this site. These two rover GPS stations were equipped with Topcon GB1000 receivers and PG-A1 antennas, which were powered by external batteries. The baseline length between the reference GPS Journal of Geodetic Science Figure 3) . Each measurement represents an average position within a period of 8 hours (3 measurements/day). and rover GPS is about 1.95 km. The sampling rate of GPS raw data is 1 sample per 15 seconds. The Topcon software package Topcon Tools (V7.2) was applied in GPS data processing. Relative displacements (three-component: NS-north to south, EW: east to west, and Vertical) between the rover and reference GPS antennas are calculated using 8-hour sessions with static GPS method and 1-hour sessions with rapid static GPS method. Both static and rapid static GPS methods involve using two GPS antennas to simultaneously measure a baseline vector. The landslide displacements are described by the changes of the baseline length between a reference GPS antenna and a rover GPS antenna in this study.
The static GPS method requires a long observation time from a few hours to a day, while the rapid static GPS method requires as short as a few minutes observation time. According to our recent research on GPS landslide monitoring in Puerto Rico (Wang 2010) Journal of Geodetic Science 30 and other empirical studies about the precision of GPS (Eckl et al., 2001; Soler et al., 2006; Geng et al., 2010; Firuzabadi and King, 2010) , both 8-hour session static and 1-hour session rapid static GPS can provide sub-centimeter precision for a baseline less than 2 km. Rainfall precipitation has been identified as one of the most important factors controlling landslides in Puerto Rico (e.g., Monroe, 1964 Monroe, , 1979 Jibson, 1986 Jibson, , 1989 Larsen and Simon, 1993; Torres-Sanchez, 1996, 1998; Wang 2010 ). There were heavy rainfalls in the landslide area during the later part of July, 2010 that triggered a rapid 2-3 meter displacement of the landslide from July 18 to 25 as shaded in Figure 7 that leaded to the rupture of the retaining wall. The renewed and more rapid displacement indicates pulse-like motions that can be simulated by a simple sinusoidal waveform. In this study, a fling-step was used to approximate the displacement time series of the renewed rapid sliding as a function of duration (or period) and amplitude (or height) of the displacement data step. Figure 9 illustrates the waveforms (acceleration, velocity, and displacement) of a fling-step pulse. The mathematical models of the fling-step, as well as its velocity and acceleration time series can be expressed as follows:
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where T the initiation of the heavy rainfall and maximum sliding velocity is probably due to the time it takes to build up pore water pressure in the basal rupture surface. This is consistent with a deeper landslide seated in weathered bedrock rather than superficial sliding of the upper colluvial mass. Fling-step models have been widely utilized to simulate near-fault displacement pulse during strong earthquakes (e.g., Kalkan and Kunnath, 2006 ). The present analysis shows that rainfall induced landslide displacement pulses can also be characterized by a fling-step model.
Discussion and Conclusions
TLS represents an non-invasive, effective and rapid solution to produce economical and accurate terrain models which enable to detect deformation of an entire surface of interest. In comparison to other topographic and photogrammetric surveying techniques, TLS seems to be a suitable approach for study ground surface deformation in a large area with a very high level of detail.
The laser scanning technology does not require direct contact 
